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FOREWORD

The water loads and struttural reactions of the Glenn L. Martin ij
Model 270 seaplane were investigated under Contract NOa(s) 11064,
Amendments 14 and 15. This report, together with ER 7516, is
submitted in fulfillment of the contractural requirements.
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SUMMARY

A theory for calculating structural loads due to water landing
impact has been developed. This theory-has, for the most part, been
substantiated by the results of an experimental program in which both
the input function (hull bottom loads) and response (accelerations)
of the M-270 airplane were measured.

The theoretical and experimental studies show that the air plane
impact loads are dependent on rate-of-descent, trim anglelanding
speed, hull shape, and degree of flexibility of the entire airplane.
It is emphasized that the forcing function itself (hull bottom pressure)
is influenced by the airplane flexual characteristics. The M-270,
a relatively rigid airplane for its size and weight, showed a 7 per
cent reduction in applied load due to consideration of airplane
flexibility. More alleviation may be expected in larger, more flexible
airplanes. The method of calculating impact landing loads by means
of a Reeves Electronic Analog Computer proved to be capable of con-

' veniently handling more variables (changing trim angle, pitching
acceleration and moments, load input at several stations) than con-
ventional methods.
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I. INTRODUCTION

A research program was initiated by the Bureau of Aeronautics
to study loads developed during impact of water landings. The
M-270 airplane, a flying boat with a low beam-to-length ratio,
flared chine, and rounded keel, was used as the research vehicle.
The scope of this research is divided into three catagories:

1) Development of a theory for calculating structural
loads due to water landing impact and the calculation
of these loads over a wide range of landing conditions.

2) An experimental program to measure structural loads
(accelerations and strains) resulting from landings of the
M-270 airplane. Hull bottom pressures, also measured
during these tests, are presented. However correlation

r of these pressure results with the theoretical results
is included in the hydrodynamic presentation of ER 7516.

3) Comparison and correlation of experimental and
theoretical loads due to impact landings on smooth seas.

Historically, the water landing impact problem has been separated
into two distinct parts; the determination of the maximum water loads,[I and the determination of the transient structural 'loads. arising from
the structural response to these water loads. This separation of
the generation of water loads from the structural response has been
long recognized as an artificial device, and a method of including
the influence of wing structural flexibility on the water loads has
been given in Ref. 1.

For relatively rigid seaplanes, the transient structural loads
determined from the maximum water loads generally have been sufficient
for engineering purposes. However, for more flexible seaplanes a-;
formulation of the impact problem which allows the full interaction
of the hydrodynamic forces and the dynamic response of the elastic
seaplane is desired. Since the dynamic response of an elastic
seaplane is a function of rate-of-load application as well as the
peak value of the load, the formulation of the impact problem should
permit rapid solution for a wide range of initial landing conditions.

In Chapter III an analytical method of treating the step land-
ing impact problem in smooth water is developed. It gives in closed
form the simultaneous determination of both the water loads and the
transient structural loads. In solving the resulting equations of
motion, a procedure using an electronic analog computer has been
developed which permits the rapid solution of the landing problem1for a large range of initial landing conditions. Solutions of the
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impact problem obtained for the M-270 seaplane, considered as be-
ing completely rigid and as being completely flexible, for a range
of landing conditions are presented and discussed.

In Chapter IV, the experimental program for the M-270 is
discussed. This program had a two-fold purpose: (1) to determine
hull bottom pressures and loads during landing for comparison to the
theoretical pressures presented in hydrodynamic theory discussed in
ER 7516, and (2) to determine experimentally the accelerations
throughout the airplane during impact of landing to substantiate
the analytical results.

In Chapter V, the results of the experimental program are
compared with the results of the theoretical analysis. These com-
parisons are discussed with respect to both the time variation and
the maximum values of the various parameters.

7515 Ii



II. SYMBOLS

The following is a list of the symbols which are used through-
out the report.

A = acceleration

a = coefficient of nth vibratory moden

b = distance in x direction from mass center of airplane to
x mass station, positive aft

C = wetted width of hull

Cp = pressure coefficient

D = viscous damping coefficient

e = base of Naperian logarithm

FS = hydrodynamic force acting through step of airplane normal
Fs to keel, positive down

G = structural damping coefficient

g = acceleration due to gravity

Z1  = draft of hull after chine immersion

Z = draft of hull at chine immersion
c

x k = wetted length of hull measured from step

m = mass considered to act at a given airplane station

Ms  = hydrodynamic moment about step, positive nose up

M = virtual mass of water
V

P aveP mx= hydrodynamic pressures

t = time

V = forward speed
h

V = speed normal to keel

StF =-time at which force reaches a maximum value
max
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x = coordinate in fore and aft direction of airplane

y = coordinate in span direction

z = coordinate in direction normal to keel

6 =hydrodynamiic force associated with dynamic pressure

positive down i
= Wagner's function for spray thickness

p = density of water

= slope of deformed structure

w = circular frequency of nth moden

T = trim angle, positive nose up

SUPERSCRIPTS

00 0
_ time derivations

SUBSCRIPTS

= at chine or chine immersiono

ave = average

= maximum

= at step

= initial condition

nrs= model designation

= normal

= horizontal

7515
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V t~~II. THEO1MEICAL LAING~t LOADS ANALYSIS

'In this chapter consideration is given to the development
of a theory for calculating structural loads due to water impact.
This includes elastic and hydrodynamic effects and allows for a
closed solution of the problem. The conditions existing at any

V instant during impact are considered to be given in termsaf~ the
instantaneous hydrodynamic force and moment acting on the seaplane
and the corresponding internal structural forces due to acceleration,
structural damping, and deformation. The flexible structure has been

j approximated by tLe first four symmetric airplane modes of vibration
in addition to the rigid body translation and rotation. The hydro-
dynamic forces and moments have been expressed in terms of the hull

. geometry and the instantaneous values of the acceleration, velocity,
and displacement of the hull bottom step.

The equations of motion for the dynamic impact of the seaplane
[7 have been derived. The solution to these equations has been obtain-

ed using an electronic analogue computor. An approximation of the
effect of trim on the hydrodynamdc forces has been developed which
permits the removal of any restraint on the airplane pitch degree
of freedom. The results of the anlysis are presented for a range
of initial comtions and are discussed,

7515
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A* AIRPLANE REPRESENATION

The airplane coordinate system is shown in Fig. 1, The
displacement of any point in the elastic structure is considered
to be represented by the sum of the displacements of that point
in each mode of vibration including the zero frequency modes. This
may be expressed as follows: 

Z (x,y)= b (x) + , zn (x)y) (1)

The selection of the modal shapes necessary to approximate accurate-
ly the structure during impact is governed largely by the vibratory
characteristics of the structure and by the time variation of the
applied forces. Bases for the inclusion of a sufficient number of
'modes have been discussed in previous literature on dynainic responise
(Chapter VIII"I of Ref. 2), and therefore will not be discussed here.,
For the purposes of this report, the displacement of an airplane
element in the elastic case is, represented by the contributions of
the first four flexural airplane modes in conjunction with rigid
body translation and rotation. The displacement of an airplane
element in the rigid body case is represented by rigid body trans-
lation and rotation. 'The method of calculation and the vibratory
modes obtained for the airplane are given in Appendix A.

f71I!

-
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K ~B, 'ErRODONMXC FORCES A3M1 MOMM'S

The hydrodynamic forces and moments generated durin r a step
landing are given by equations (2) and (3).

00 00
F 7 =A-M z ..65 x T, (2)

w s k

M = -F (0.65 k) (3)

The theoretical development of equations (2) and. (3) i discussed
in detail in Ref- 3 and will not be treated here. How ver, the

K results of the theory necessary for a solution to the tquations
of motia, are discussed below.

TIei term A is associated with effects of the dy imic pressure
and is given in equation (4).

where: V Z + V sin -0.65 1 Tn s n

The fu vctions C and C have discontinuities at the •.t. of chine

ItmerE, on. The wetted width, C. varies with draft ail the chines
are ix"iersed, and for fiurther increase in draft, C s assumed
to be konstant. Prior to chine immersion, C is g ,n by the

follo'ring equation:

-- K C x -

max sin T + Lcos Sin2

After chine immersion, Cp, is given by

PP

Pave
Im these expressions for C2 the quantity P isafunctionof

the draft. Knowing the variation C , and k  a function

7515
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of Zs for a given value of T, the integral k C p(0) could be
evaluated. i•

The second term in equation (2) is associated with the forces
given by:

M C 2d (fk) 1

With the variation of C with Z known, 1 k C2d (1k) may be evaluated
for a given -. o 

In the actual evaluation of the above integrals, it was con-
venient to utilize digital machine computational methods. The
integrals were evaluated for T equal to 30, 60, and 90 for the
range of Z expected to be encountered by the airplane, and the

results were shown in graphical form. It was then found to be
possible to approximate the curves for constant T with analytic
expressions in which Zs and T appeared as simple functions.

Further, it was found that the family of curves was adequately
given when the value of T was permitted to vary. Consequently,
when the simple analytic expressions for the integrals are sub-
stituted into the equation for the hydrodynamic force, the
restriction of the landing conditions to constant values of trim
is no longer necessary to the solution of the landing impact
problem.

The expressions f'or the C d(I) an d(iwr
found to be as follows: o Co d k

0 < Z < .2 Z k CCd k 4.59-12.o0 T

s c p k T

0.2< Z < Z CCd(I (e - .) (5)

s c kT
-71+9.e-3.3 (Z-1) -1.88 (z-1)

Z+ < Z CCa 0 -

and

k 2 17*p C d (f .1435)

o
< z o Cd ('k = (z - .755) (Sa)

751 1 1
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In the present problem, these expressions gave excellent
approximations of the integrals for values of Z up to 56 inches

sand gave reasonable agreement for values of Z in excess of 36

inches. It should be noted that for that portion of the landing
most important to the airplane response, i.e., during the build-
up to maximum force, these analytical expressions are most valid.

-! The forces arising from the explicit variation of trim in
equation (2) include a component due to the dynamic pressure and
a component due to the virtual mass. In the force due to dynamic

K pressure, Vn has components of velocity arising from both the trim

and the rate of pitch of the airplane. During the early portions
of impact the contribution due to the instantaenous trim does not
vary appreciably. However, the contribution due to the rate ofV 0change in trim, T, in those cases where there is large wetted

length, may become important. The component of force due to the
acceleration of the "virtual" mass of water is affected by the
angular acceleration. In those cases where the wetted length is
long and the pitching acceleration is large, the affect of this
acceleration on the forces is appreciable.

In permitting trim variation, it was necessary to determine
the centroid of the pressure distribution acting on the bottom.
For the high-beam loaded hull where chine immersion occurs early
in impact, the center of pressure is taken at 65 per cent of the
instantaneous value of the wetted length. The factors on which
the selection of 0.65 1k is based are discussed in Ref. 3. The
location of the pressure centroid is of importance for landings

at low initial values of trim where the wetted length may bef7  expected to exceed 4 times the beam of the hull.

i71

1
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C. STRUCTURAL DAMPING

The presentation of the energy dissipated by the structure
has been included in the equations of motion. The importance of
the role of structural damping in the aircraft landing problem has
been emphasized in Ref. 2, where it was shown that for some structure
the inclusion of damping in the analysis gave Bubstantial reductions
in the calculated g" loadings, In Ref, 2, the damping coefficient
was taken to include the effects of both aerodynamic and structural
damping. In this analysis, only the effects of structural damping
are included. The omission of aerodynamic damping is felt to be
conservative (would tend to give larger accelerations) and ma r be
considered as a simplification of the problem.

In the analog solution cf the equations of motion, it was found

convenient to represext the structural damping force as -DnZn;

whereD =. aGwd.n m nxnnm
The damping term as used herein gives an acceptable representation of

0

the damping force when Z is not approximately w Z .Some discrepancyn n n
in the damping representation is present. However, for the purpose
of this report the representation is adequate. [I

D. EQUATIONS OF MOTION

The equations of motion relating the behavior of the airplane
to the hydrodynamic forces encountered during impact may be derived
using the principle of virtual work. Assuming that the aerodynamic
lift equals the weight of the airplane throughout the landing, the 11
acceleration force on an element of mass in the airplane is given

00
by -mZ and the work done moving through a differential displacement

m
0

&Z is -mZ 5Z. Similarly, the work due to structural damping is given02

by -D Z Zand the spring work is -w Z 5Z. The work done moving the
hydrodynamic force and moment through a dista=e is given by

F ~5  +M 5 T + bo). I
Summing the elements over the airplane,0 2I

OW -ZmZ BZ nZD Z- tZm5 (6)

+ Fs5 Zs + Ms TI + OX6,r + bn[

7515 I



If Z(x y) is replaced by the right hand side of equation 1 and Z
is taken as,

Z =Z a 8Z +b 5
o n n x

then equation 6 becomes,

n 00 00W = -Z m Z a Z + b T + aZ + b 0 + 6S' 1 n n

-i Z[%%zo] [a8z]
-i Z mG aZ l.ann

n n nIn n]

+Z [F Z (anZn + b x 5 + ao8Z 0)+.M (ZX8 + 80n1

= 0 is to be satisfied (7)
n

_ From equation 4 and the orthogonality condition

,. 8z 0 r,

the following equations are obtained

co F
-Zo+ 0 = (8)

n =1, 2,3, 3
co F s b s + Msi! - + 2 =0+ Zm bx)

C 0 2 anF +O Ms= 0-Z g Zw Z + 2 s
o n A n n Za nm

When the initial values of Zs, T and Vn are given, equations (8)
may then be solved for the Zs (t), r(t), and Ms (t).
In addition, the acceleration at any mass station may be obtained by
use of the following relation:

00 00 COD a C
Z( x Y) = a0 Z0 + b(x) T + z a (xiy)n Zn

7515
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With these quantities known, the impact forces and the structural
response are determined, and the distribution of load over the I
structure may be studied.

E. SOLUTION TO EQUATIONS OF MOTION

From arL examination of equation (8), it can be seen that the
0 00

equations are non-linear functions of Z, Z, Z , and T, Previously,
when it was sufficient to treat the landing problem as the rigid
body, the translatory response to the hydrodynamic forcing function
solutions was obtained either by a step-by-atep integration c by use
of an analog computer. The inclusion of additional degrees of free-
dom has increased the complexity of the problem and has made the .]
analog solution attractive.

The solution to equation (8) has been obtained readily using
a Reeves Electronic Analog Computer. The left-hand side of equations
(8), giving the forces arising within the structure, presents no
difficulty in machine programming. The use of a simple analytical
expression for the hydrodyramic force an momets, while requiring
additional machines, may also be readi* progrmmed, continuous
records of hydrodynamic forces and momenta, displacement and
structural accelerations, shears,, and bending moments may then be
obtained.

F. RESULTS ANID DISCUSSION

Solutions of the equations of motion for hydrodynamic impact
have been obtained and are presented in Tables I and 2 and
Figsa 2a to 2e. The solutions, as obtained from the analog computer, 1!
are in the form of the time variation of the quantities being studied.
These data have been reduced to the form of peak values and are report-
ed in terms of the conditions existing at the time of peak values.
Oscillograms of landings are also presented, which representatively
illustrate variations of hydrodynamic force and moment, motions of
the aircraft, and the acceleration response of the aircraft having
significance in the structural dynamics problem.

The primary purpose of this portion of the report is to examine
the influence of structural response to the dynamic loading on the
hydrodynamic loading and on the distributed loading experienced by
the structure. No detailed effort is made here to correlate the
variation of the hydrodynamic force and moments with those which
might be expected from previous hydrodynamic experience. However,
it may be noted that the trends exhibited by the hydrodynamic data
behave in general as would be expected, The validity of the hydro-
dynamic input data has been substantiated by experimental landing I
data presented and discussed in another section of this report.

7'515
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It is a well known result that the response of a simple mechani-
cal system to suddenly applied forces is a function of the time ,rate
of force application and the indicial admittance of the system, thus:

it dF A t d
x(t) = F(0) A(t) dt (t'tl)dodt I

The response of a mechanical system also may be expressed in terms
of the response of each normal vibratory mode to the harmonics of
the force. In either approach to the problem, the rate of force
application or the harmonic content of the force, in conjunction with
the frequency spectrum of the system has an important bearing on
the response of the system. For aircraft of high rigidity, that is,

1
having a fundamental frequency well above 4t cycles per second

F
max

(This is the frequency of a harmonic function which will peak at
tF .) of the impact forcing function, the most severe distributed

max
structural loads are generally obtained in the hardest impact con-
dition. For the flexible aircraft having a frequency close to or

1
within the frequency of- , it is possible for maximum local loads

F
max

to be obtained for impacts other than that having the greatest hydro-
dynamic force. This condition requires that a range or envelope of
impact conditions be examined in order to insure that the most severe
loads are utilized in the design of the aircraft structure.

Table 1 shows that a variation of t was obtained with
FIi max

variations in the rate of descent. The range of t was from
F

max
approximately 0.10 seconds for the high rates of descent to approxi-
mately 0.40 seconds for the low rates of descent. Figures 2a to
2e present the shape of the force and moment generated in representa-
tive landings. The spikes appearing in these curves resulted from1_ switching equations in the REAC and may be disregarded. It may be
noted that the general shape of the forces and of the moments are
similar for different impact conditions with only tF changing.

max
Also, it may be seen that some delay in the generation of the moment
with respect to the generation of the force was experienced. This
delay is caused by the hydrodynamic center of pressure being close
to the airplane center of gravity for short wetted lengths. As
the wetted lengths become greater, the moment increases at a greater
rate and reaches a maximum at approximately the same instant as

the force. Consequently, the loads induced by both the force and the
moment must be considered in the landing analysis.

1. 7515



Figures 2a to 2c show that the frequencies excited in the struc-

ture are a function of tF and hence the rate of loading. In case

max
2a, the hull may be seen to respond to both 140 cpm and at 390 cpm,
the first and third modes of vibration. In case 2b it may be noted

for the shorter t that the hull responds principally in the second

max
vibratory mode at 354 cpm. In case 2c having tF  of 0.1 seconds

max

the hull response was at 510 cpm which is between the third and

fourth modal frequencies.

The maximum accelerations at various locations on the airplane I
are given in Table 1 for each landing condition. While actual shears
and moments were not obtained in this analysis (the shear and moment
distributions as a function of time could have been obtained with

the equipment available, but the data obtained illustrates the point)
it may be seen that the maximum positive or negative accelerations
were not necessarily obtained at the impact having the maximum force.

For instance, the maximum positive bow and wing tip acceleration were

obtained for landing 2, while the maximum positive stern and stabilizer
tip accelerations and the maximum negative bow&ccelreratiom were obtain-

ed for landing 10. In landing 18, having the maximum force only,
maximum negative accelerations were obtained at the wing tip, the
stern, and the center of gravity. These results indicate that even

for the rather rigid M-270 airplane an envelope of landing impacts
would be necessary for accurate estimation of the landing loads. •

A second, and equally important point is illustrated by these
data. Comparing the acceleration loading obtained for the airplane
center of gravity with the acceleration loading at the other stations,
it may be seen that the maximum CG acceleration differed considerably
in magnitude from those maximum accelerations experienced at the
other stations. In this case the extremity loadings are greater
than the center of gravity loadings. This dynamic modulation of the
loadings is expected frcm theoretical considerations and is well

known. While for this case the loadings were amplified, it is
also possible to obtain load alleviation due to the dynamic response
of the structure. This alleviation would depend upon the relation- fl
ship of the applied load to the frequency spectrum of the airplane. H

A comparison of the maximum forces obtained for the flexible
airplane analysis with the maximum forces obtained for the rigid air-
plane analysis afford an opportunity to study the influence of
flexibility on the hydrodynamic loads. Comparing column 4 of Table 1
with column 4 of Table 2, it may be seen that in most instances the

maximum forces for the flexible airplane were less than the maximum
force for the rigid airplane for the same initial conditions. For
the amount of flexibility present in the M-270 airplane, the maximum
reduction in force was approximately 7 per cent. For more flexible
airplanes, particularly if considerable weight is carried in the wings,

7515 I



15

it is conceivable that larger reductions in applied force might be
obtained. This interaction between the response of the airplane and
the hydrodynamic force, and the resulting reduction in applied load
may have an important effect on the distributed loading experienced
by the aircraft.

In regards to the influence of flexibility on the hydrodynamic
moment, no definite trend is exhibited by the data. Since the moment
depends among other things on the force and wetted length, there is
the possibility of compensating variations in both factors for the
rigid airplane case. For more flexible airplanes, appreciable
changes in pitching moment may be obtained. When such information
becomes available more definite conclusions may be made on the
influence of flexibility on the pitching moment.

At -this point some comment on the assumptions and neglected
quantities is in order. First, consider the assumption that the
distributed hydrodynamic forces are given entirely in terms of the
kinematics of the step. For the M-270 airplane this assumption
appears valid, since the rigidity of the hull and vibratory modal
shapes was such that adequate.average values of coefficients could
be used. However, for the more flexible hull, it may be necessary
to describe the forces in terms of the kinematics of more than one
hull station. The use of many hull stations, analogous to aero-
dynamic strip theory, would permit more accurate application of
shape factors and of local kinematics. However, the increase in
number of hull stations is accompanied by an increase in com-
putational difficulty and for analog methods may exceed the avail-
able machine capacities.

Second, in the formulation of the hydrodynamic forces and
moments two quantities have been considered as negligible. These

V quantities are buoyant force and moment and pitching moment due
to water resistance to forward motion of the airplane. In
addition, it has been assumed that the weight of the airplane
is equal to the lift for the duration of impact. Some consideration
of the effect of loss of lift in landing impact has been given
in Refs. 4 and 5. The work of these references, while treating
the problem only approximately indicates that some account for
the effects of lift variation may be required. For impacts of
long duration or for flexible highly coupled lifting surfaces,
the lift variation might enter appreciably into the dyramics of
the landing.

As landing impact becomes more critical in determing the
design loads for aircraft structure(in addition to the hull bottom)
and as more powerful computational methods are used, these forces
may be included in the analysis.
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G. CONCLUDING REMARKS

A procedure for analyzing step landing impacts in smooth water,
which includes the flexibility of the airframe and continuous trim
variation, has been presented. The procedure has been applied to an
analysis of the M-270 research airplane and a range of landing
conditions has been studied. From the results of these analyses, it
was seen that the maximum load in a flexible structure is not given
necessarily by the impact having the largest external force. Depend-
ing on the structural dynamic characteristics of the airplane, a
range of impact conditions should be examined to determine the maxi-
mum distributed loads for design purposes. The influence of flexible
structure on the hydrodynamic force also was seen. In general, this
influence appeared as a reduction in total load, for this airplane
not more than 7 per cent. The results in regard to the pitching
moment in this respect were not conclusive but may be of consequence
in more flexible airplanes. From this study it is believed that
rigid airplane landing analys.s is no longer adequate for design
purposes.

7il
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IV. INSTRUMENTATION AND EXPERIMENTAL PROGRAM

A test program was initiated to obtain experimental data for
correlation with theoretical hull bottom water loads and airplane
accelerations during landing impact of the M-270 airplane. Previous
to the landing tests, a drop test program was conducted with a
specimen section of the M-270 hull and results of these tests are
presented in Ref. 5. Results of the landing tests are discussed
and presented in this chapter.

A. INSTRUMENTATION

Instrumentation for the water loads investigation of the Model
M-270 consisted of the installation of a total of 49 transducers, which
included 13 Statham accelerometers, 20 Statham flush-type pressure
transducers, and 16 strain gages. Accelerometers were located at
several points along the left hand wing and at several points in the
hull from the bow to The stern. Strain gages were mounted on
structural components of the hull bottom and crown (See Fig. 3).
Pressure transducera were installed at points along the hull bottom
forward of the step and flush with the hull bottom skin as shown in
Figs. 4, 5, and 6.

Ouput from all pickups was recorded on three synchronized Con-
solidated 18-channel oscillographs and one Sanborn visual recorder in
conjunction with five direct current bridge-balancing units all power-
ed by 3 twelve-volt batteries and the ship's auxiliary power unit
(Figs. 7 and 8). Use of the Sanborn visual recorder made possible the
immediate evaluation of the left hand engine mount load factor to
insure that testing would not take place beyond its limit. Calibration
of the entire system was conducted prior to take-off and then again
after flight to insure accurate calibration factors.

Rate of descent for each landing was measured at first by means of

the Radar (Doppler) Rate of Descent equipment by which the antenna mount-
ed on the port side of the hull transmitted and received the signal
reflected from the water. Output was fed to the pilot's panel and
photo-panel indicators and also to the Sanborn -recprder and one
oscillograph.

Because of the questionable reliability of the radar equipment
over anything but an extremely smooth sea, a photo-theodolite system
was installed at the point where the landings took place. By means

of a motion picture camera which followed the ship to the water,
the rate of descent could be measured along with the hull trim angle
as a check on the radar equipment. On the basis of resulting data,
it was evident that the photo-theodolite was the more reliable
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instrument to measure rate of descent. Since the load factor at the
center of gravity varies not only according to gross weight, landing
speed, and sea state, but also with the trim angle and rate of descent,
it was imperative that these two quantities be measured in the
most reliable manner available.

B. TEST PROGRAM

The program to be followed in the testing of this ship was
divided into three phases, each with a different condition prevail-
ing. Phase I was conducted at a gross weight of 64.,000 pounds CG
at 26 per cent MAC, sea state smooth (approximately six inches), ,i
and wind velocity not more than six knots. A series of take-offs
and landings was made and data were recorded for each of the land-
ings at various rates of descent and hull trim angle. Symmetric
landings (both tip floats touching simultaneously) were executed
throughout thetest program.

Procedure for Phase II was identical as that followed in Phase I
with the exception of the gross weight which was increased to 71,000
pounds.

Phase III was set up to record data from landings with the gross
weight of 55,000 pounds made at various rates of descent on a rough
sea of about 3 -foot waves. Weather conditions adverse to the exe-
cution of this phase were encountered and as a consequence this
portion of the program was cancelled.

Strength (limit load factor of 4.5) of the engine mount structure U
placed a limitation upon the maximum rate of descent which the air-
plane could safely approach while performing the test. A continual
check of the load experienced by the left hand engine mount was kept
by means of the Sanborn recorder following each landing so that this
factor would not be exceeded. Inspection of the structure of the
ship was also carried out after each flight.

General handling characteristics of the aircraft place limit-
ations on acquiring the desired rates c descent and hull trim angles

as originally planned. It was found difficult to obtain a high trim
angle at high rates of descent and low trim angles at low rates of
descent. However, the flights were performed within these limits and
all possibilities were exploited (see Fig. 9).

T1
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C. TEST RESULTS

Maximum load factors, pressures, and stresses occurring during
the series of landings a:re recorded in tabular form (Tables 3 thru 7).
These values are peak loads and are not constant loads for any
length of time. With the exception of the strain gages data, all
loads recorded were those maxima occurring during the first impact
of landing.

During the landings on smooth water at a gross weight of 64,000
pounds, a maximum vertical load factor of 3.85 was obtained at the
center of gravity on landing 4 of flight 29 at a rate of descent of
13.3 feet per second. At a gross weight of 71,000 pounds, the maximum
center of gravity load factor obtained was 2.56 at a rate of descent
of 8.0 feet per second on landing 8 of flight 31.

Time histories of all active pickups from the touchdown of each
landing are included for landings 1, 4, 5, and 8 of flights 28, 29, 27,
and 31 respectively, since the greatest vertical load factors at the
center of gravity occurred during these four particular landings
(see Fig. 10 thru 13). Figure 14 shows plots of maximum load factor
at the center of gravity and the corresponding rates of descent for
the various hull trim angles and gross weight conditions. A plot
of maximum stress at the center of the longeron, walkway stringer and
top of the keel former for each landing vs the corresponding rate of
descent is shown in Fig. 15. The apparent trend of both graphs
illustrates the effect of the degree of rate of descent and hull angle
on these stresses. In Fig. 15, no distinction is made in regards to

V hull trim angle, thus partially causing a deviation of strain values
from the curve at lower rates. However, in the case of the keel form-
er, the inherent characteristics of the structure itself apparently
cause the loads to fluctuate more or less independently of the rate
of descent.

Landings were performed within the specified limits of the test
program in regard to hull trim angle and rate of descent. These were
largely determined by the manner in which the ship responded during
the landings, since it was difficult to obtain a high trim angle at
high rates of descent and low trim angles at low rates of descent.I; However, all possibilities were exploited and the resulting range of
conditions is shown in Fig. 9. The program was originally set up to
obtain trim angles of 3, 5, 7, and 9 degrees at rates of descent of
3, 6, and 10 feet per second. These quantities are indicated by
solid and broken lines in Fig. 9.

With the data obtained from accelerometers at specified
locations along the hull and wing, it was possible to derive the
forcing function resulting from the aerodynamic and water loads

- during the first impact of landings. In this analysis. the aero-
dynamic lift was assimed to equal the gross weight of the ship.

Accelerations were read at certain time intervals and the values

LI
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thus obtained were multiplied by the corresponding mass for the
certain pick-up location according to the weight distribution curve
of the diip. The result.t wen- plotted against the time intervals,
thus producing a time history of the applied force (see Figs. 16,
17, and 18).

By taking a summation of the moments of each mass increment
about a point (such as the CG or the nose of the airplane) and
dividing the resulting values by the forces as determined previous-
ly, the travel of the point of application (center of pressure) can
be determined. For the purpose of comparison with theoretical data,
moments of each mass increment were taken about the step of the
ship and the summations of these moments were plotted against the
corresponding time intervals (Figs. 16, 17, and 18).

D. DISCUSSION

Use of Statham accelerometers and flush-type pressure trans-
ducers made it possible to measure accurately the loads experienced
by the airplane. According to data, supplied by Statham in regard
to pressure transducer8, accuracy and linearity of the pickup it-
self is 1% of full scale or better, Accelerometers are equally
accurate; however, other factors involved, such as the type of
system used, calibration, and data reduction, bring the per cent
of error to about 2 - 5%.

Hull bottom pressure values measured were the result of peak
loads occurring locally for short periods of time and not necessarily
simultaneously over the wetted hull bottom area at touch-down. High
frequency loads, though large in magnitude, are therefore of less
significance since they would be absorbed locally in the structure
rather than over large areas of the hull bottom, as would be the
case for low frequency loads.

Hull bottom instrumentation using the flush-type pickup was
complicated by the need to consider the effect of response to
acceleration within the pickup, which was found to be 2% of full
scale per g. Further complicating the problem was the necessity
of completely waterproofing the pickup contacts and protecting
the pickup and. receptacle from corrosion caused by salt water.
This problem was solved to meet the requirements of the test.

Significant in the evaluation of data measured during the land-
ings was the factor of rate of descent, which was one of the most
important variables upon which the loads depended. Measuring this
quantity and hull trim angle was accomplished by use of the photo-
theodolite camera. Use of this equipment created a need for a
specific flight pat1h and favorable wind direction, which made it
impossible to perform the rough water landings during the allotted
time. However, since this was the more reliable of the two methods,
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its data is used exclusively in the report. It is evident that in
a test of this type where such information is required, a more
dependable radar-type rate of descent equipment is necessary. It
would be of great value to improve the radar-type rate of descent
indicator used at the beginning of this program or to develop an
entirely new system, which could be tarred on the ship itself
thus allowing landings to be made, at a convenient location.

I7
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V. COMPARISON OF EXPERIMENTAL AND THEORETICAL DATA

In this chapter a comparison of the analytical results is made

with quantities measured during landing impacts on the M-270 airplane.
These comparisons have been made with respect to both the time vari-
ation and the magnitude of the forces, moments, some accelerations
and motions for some landing conditions. The results of these
comparisons are presented and discussed.

Briefly reviewing, the landing impact analysis was performed

for symmetric step landings in smooth water. Among the major
assumptions of the analysis is that the only hydrodynamic forces
acting on the airplane would be approximated by an analytical
expression which is a function of the forebody shape and the kine-
matics of the step. Also, it was assumed that the dynamical response of
of the airplane is given by the rigid body response and the super-
position of the response of the first four flexible airplane modes
of vibrations. Further discussion of the assumptions in analytical
procedure is given in Chapter I. The vibratory analysis of the air-
plane was performed for a gross weight of 55,000 pounds and is
described in Appendix A. It was found after completion of the

vibratory analysis that certain changes in the experimental program
required the landing tests to be performed at gross weights of
64,000 pounds and 71,000 pounds. As a consequence, some correction
is to be made in interpreting the comparison of the analytical re-
sults with the experimental results. A suggested basis for this

correction is in terms of the peak loads that might be expected
for the rigid airplane as given on Page 38 of Ref. 6. The loads
in accordance with this correction would vary as the ratio of the
gross weights taken to the two-thirds power.

The experimental program was formulated for landings at discrete
rates of descent, trim angle and landing speed. However, in actual
practice it was found that only broad ranges of rate of descent and
trim angle could be obtained. The analysis (REAC) is a result of [1
discrete initial conditions; there is no direct correspondence
between the analytical and nominal experimental initial conditions.
One exception to this was landing No. 4 of flight 29 where all the
initial conditions were duplicated in the REAC solution. Rate ofo

descent (Zo) was measured relative to the earth and not the water

surface, so that even 1/2 to 1 foot waves or swells could increase
0

or decrease effective Z0 . Analytical (REAC) data is compared to

experimental trends rather than individual test points for this
reason.
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A. TIM -HISTORIES

The comparison of the time variation of the analytically de-
termined quantities with the experimentally determined quantities
for t-wo landings may be made in Figs. 19 through 22. These figures
show the hydrodynamic force, pitching moment, trim, pitching velocity,
normal accelerations, and in one instance the pitching acceleration.
In Fig. 19, the analysis was performed for the initial conditions of
landing 4, flight 29. This landing represents a rather hard impact,
with the variables being of aufficient magnitude that they could be
determined with some precision. It is seen for the force that thef analytical results are in excellent agreement ith the experimental
results. The two curves are almost coincident up to t and are

max
reasonably close after t~ ."Excellent agreement was also obtained

Max: 0
between analytical and experimental results for T and over the
greater portion of the impact; some divergence being observed after
tv has occurred. In regards to the pitching moment, it may be

max
seen that there is a considerable difference between the curves over
the range of time from 0.06 seconds to 0.225 seconds. No apparent
reason has been found for this discrepancy. The agreLment for the
pitching acceleration is considered to be good in light of the
manner of measurement. The shape of the aalytical curve is given
reasonably by the experimental curve and the maz mum values are of
the same order. A comparison of the analytical acceleration response
of the structure as depicted at three stations with the measured
response at those stations is shown in Fig. 20. The experimental
acceleration response is seen to be predicted quite well by the
analytical response. The absence of the higher harmonic content in
the analytical response may be attributed to using only four vibra-
tory modes in the structural representation. As may be seen, this
harmonic contribution while adding some distortion to the response
does not materially affect the correlation between experiment and
analysis.

Landing 8 of flight 31 for a gross weight of T2;,000 pounds
also offers an opportunity to compare analytical and experimental
results. Referring to Fig. 21., again it may be seen that the shape
of the experimental curves for both the force and moment is given
by the analytical curves. Applying the previously suggested
correction for gross weight, the ccmparablt magnitude for the
experimental force for the '72,000 pound airplane corrected to
55,000 pounds is given by 84 per cent of the magnitude. This re-
duction brings the experimental force magnitude " into excellent
agreement with the analytical force magnitude, particularly at the
maxim m vales. The application of the correction to the moments
also tends to bring the moment magnitudes into agreement with the
analytical maent magnitude. The T variation for the analytical
impact is in agreement also -with that of the experiment. Cmnparison
of the pitching velocities showed little or n agreement and no
comparison of pitching accelerations was attempted.
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The structural acceleration response for the 72,000 pound ai r-

plane may be seen in Fig. 22. Recalling that the difference in gross
weights of the airplane is achieved by the addition of concentrated
weights in the hull about the airplane center of gravity, it is to be

expected that the vibratory characteristics of the hull would be great-

ly incluenced, and the wing to a lesser degree, by the presence of the
concentrated weights. Comparing the experimental acceleration response
of the 72,000 pound airplane with the calculated response for the

55,000 pound airplane, it may be seen that this occurs. The shape and,
magnitude of the calculated center of gravity and wing tip accelerations
are in reasonable agreement with the experimental accelerations. The
ex perimental bow accelerations, apparently showing the influence of the
added hull weight, are seen to behave somewhat differently from the
calculated accelerations. In light of the above discussion, it is
felt that where some basis for comparison with the heavy airplane
existedy the analytical results are in agreement with the experi-
mental results.

B. PEAK VALTES

Figures 23a tO 23d present the maximum values of force and of
structural acceleration from the analysis as a fLuction df rate of
descent for the different initial trim angles and forward speeds.
For purposes of comparison, experimental values having approximate-
ly the same initial trim angles and forward speeds are also shown
against rate of descent. The analytical results for the structural
response of the structure are in good agreement with the experimental
data. Reduction of experimental data for the hydrodynamic force was
not done for all landings. However, at a forward speed of 160 feet
per second, the agreement between the amalytically predicted force
and the experimentally determined force is good in trend and magni.-
tude.

C. CONCLUDING REMAREB

The above comparisons of experimental data with analytical data
have shown that the analytically determined results have described
accurately the landing impact conditions. The correlation of hydro-
dynamic forces and moments has indicated that the representation of
these forces and moments in the equations of motion has been sub-
stantiated. The structural response as given by the equation of motion
agrees very well with the actual structural response of the airplane,
and indicates that the flexibility of the airplane was adequately
represented by the flexible modes of the analysis. The response of
•the rigid airplane in pitch given in the analysis was in agreement
with the experimental observed response. In light of this, it is
believed that the hydrodynamic step impact and the dynamic response
for the flexible seaplane may be accurately given by the method of
analysis presented in this report.
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VI. CO1 =US-ONS AND RECOMMENDATIONS

A. CONCLUSIONS

A theoretical method of computing the dynamical impact load-,
ing, including the effects of structural flexibility and continuous
trim variation, has been developed in "closed" form. This method,
utilizing an electronic analog computery permits rapid study of a
wide range of initial conditions for the impact problem.

The dynamic acceleration response of the M-270 airplane was
obtained from experimental measurements over a range of impact
conditions. From these measurements the hydrodynamic force and
moment on the airplane were obtained. The most critical parameter
in measuring the effects of landing impact was found to be the rate
of vertical descent.

V! A comparison of the experimental impact data with the results
of the analysis shoved that the analytical results generally were
in good agreement with the experimental resulta. This agreement[I includes both time variation and magnitude. It is concluded that
the hydrodynamic stepimpact and the dynamic response of the
flexible seaplane may be accurately given by the method of analysis
presented in this report.

The response of the flexible airplane was found to be a
function of both the magnitude and shape of the forcing function.
The maximum inertial loading for some structure was not obtained
for the conditions of maximum hydrodynamic loading. In order to
obtain the maximum loads for the flexible airplane it was necessary
to study a range of landing impacts.

The inclusion of airplane flexibility in the equations of
motion tended to reduce the hydrodynamic force obtained for the
rigid airplane. In this instance the maximum reduction was of
the order of 7 per cent. However, for a more flexible airplane
this reduction may be of a large magnitude.

7515



26

B. RECOMMENDATIONS

1) In the design. of flexible seaplanes a range of landing
impact conditions should be studied to obtain the
maximum dynamic loads experienced by the structure.

2) Further experimental and analytical studies should be
made using an airplane in which flexibility plays a
more important role.

3) The methods of this analysis should be extended to
include the effects of waves and impact locations
other than the step.

4) It is recommended that further study be made to develop
a method of measuring rate of descent in smooth and
rough seas. It would be desirable to have such an
instrument airborn so that landings would not be
restricted to fixed points where required sea conditions
may be difficult to obtain.

i
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APPENDIX A

VIBRATORY ANALYSIS OF M-270 AIRPLANE

The M-270 dynamic landing load analysis is based on the use of
airplane modes. An airplane mode is the case where the wing, hull
and stabilizer are considered as flexible beams.

The following assumptions were made:

1) The weight of the fuselage was concentrated at 8 mass sta.
along the center line of the ship;

2) The weight of the wing was concentrated at 6 mass sta1
along the elastic axis of the wing;

3) The weight of the stabilizer was concentrated at 4 mass ata.
along the elastic axis of the stabilizer;

4) The second hull mass contains the weight of the vertical

tail;

5) The first hull mass was transferred to the elastic axis of

the stabilizer;

6) The bending mode shapes were computed on the basis of unit
deflection of the stabilizer tip; jJ

7) For symmetric modes, the shear, slope, and torque are zero
at the wing and stabilizer tips. At the fuselage, t he end fl
conditions are that the shear, moment, and torque are zero;

8) Stabilizer shear, moment, slope, deflection, torsion and
torque at the root mass equals hull shear, torque, torsion
deflection, slope and moment respectively times the proper
sign and multipying factor. The same set of conditions
applies to the wing root.

1. Basic Data

The wing was divided into bays as shown in wing plan form, Fig. 24a,
The stabilizer planform may be found in Fig. 24b, and the hull plan-
form in Fig. 24c. The hull plan form further shows the relative
location of the wing and stabilizer.Ii

71
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Weights and stiffness data were obtained from the M-270
project group (the M-270 is a hybrid consisting of the PBM-5
wings mounted on the rebuilt XP5M-I hull). A breakdown of the
weight and stiffness data is gi-ren in Table 9. Stiffness curves
for bending and torsion per bay may be found in Figs. 25 and 26
respectively.

L 2. Coupled Airplane Modes of Vibration

The associated matrices method of Ref. 7 was used to obtain
the symmetric modes. The deflection shapes are shown in Figs. 27 to
30.

The frequencies obtained were:

Mode Frequency (CPM)

I j140.25

II 352. 0

111 383.91

IV 459.23

I7
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